Abstract: Artemisinin (qinghaosu), extracted from the Chinese herb Artemisia annua L. in 1972, and its three major derivatives-artemether, artesunate and dihydroartemisinin-were firstly identified as antimalarials and found active against all species of the malaria parasite. Since the early 1980s, artemisinin and its derivatives have been found efficacious against Schistosoma spp., notably larval parasites, and artemisinin derivatives have played a critical role in the prevention and treatment of human schistosomiasis in China. Currently, China is moving towards the progress of schistosomiasis elimination. However, the potential development of praziquantel resistance may pose a great threat to the progress of elimination of schistosomiasis japonica in China. Fortunately, these three major artemisinin derivatives
Introduction
Schistosomiasis, caused by the infection with the blood flukes of the genus Schistosoma, is a major neglected parasitic disease in the tropical and subtropical regions [1] . It is estimated that over 200 million people are infected with the parasite, with a further 800 million at risk of infection [2] . Schistosomiasis japonica, caused by the infection with the parasite S. japonicum, is endemic in the People's Republic of China, Philippines, and Indonesia [3] . In China, this parasitic disease remains a major public health concern and is one of the four priorities in communicable disease control defined by the central government [4] . Although great success has been achieved [5] [6] [7] , the current endemic foci are mainly concentrated on the marshland and lake regions of five provinces (Hunan, Hubei, Jiangxi, Anhui and Jiangsu) along the middle and lower reaches of the Yangtze River and some mountainous regions of two provinces of Yunnan and Sichuan, with over 0.8 million people infected [8] .
Since the introduction in 1970s, praziquantel has replaced other agents to become the only drug of choice for the treatment of human schistosomiases, due to its high efficacy, easy administration, few side effects and low cost [9] [10] [11] . Following the repeated, extensive application, there is a concern however about the emergence of praziquantel-resistant schistosome populations [12] [13] [14] . In laboratory, praziquantel resistance has been successfully induced in S. mansoni strains following treatment with subcurative doses [15, 16] , and drug-resistant isolates have been isolated from the endemic foci in Africa [17, 18] . In addition, there are many S. haematobium-infected cases with failure in parasite clearance following standard treatments [19] [20] [21] . In China, praziquantel is currently the only market-available chemical used for the treatment of S. japonicum infections, and praziquantel-based chemotherapy, a major part of the national schistosomiasis control program, has been implemented to control the morbidity and reduce the prevalence and intensity of S. japonicum infection for more than 30 years [22] [23] [24] . Although no evidence of resistance to praziquantel has been detected yet in field isolates of S. japonicum [25] [26] [27] , the emergence of drug resistance has been experimentally induced in the laboratory, proving that S. japonicum may develop resistance to praziquantel under drug selection pressure [28, 29] . The potential development of praziquantel resistance would challenge the elimination of schistosomiasis japonica in China, since praziquantel-based chemotherapy remains highly effective for controlling the morbidity and reducing the prevalence [30] . Screening and development of novel antischistosomal agents, as alternatives to praziquantel, are therefore urgently needed [31] .
In 1972, Chinese scientists extracted artemisinin (qinghaosu) from the Chinese herb Artemisia annua L, and the compound has been found efficacious against all species of the malaria parasite, even chloroquine-resistant Plasmodium falciparum [32, 33] . The encouraging results led to the development of multiple artemisinin derivatives, including artemether, artesunate and dihydroartemisinin, which were found to possess higher anti-malarial activities than artemisinin [34] [35] [36] [37] . Currently, artemisinin derivatives are widely used for the treatment of malaria worldwide [37, 38] . Since the early 1980s, artemisinin and its derivatives have been found to be active against Schistosoma spp., notably larval stages, and artemisinin derivatives have played a critical role in the prevention and treatment of human S. japonicum infections in China [39] [40] [41] [42] [43] . Since praziquantel is primarily active against adult stages and relatively ineffective against juvenile worms [44] , the combination of praziquantel and artemisinin derivatives may cover all developmental stages of the parasite, and the combination therapy may overcome the problem of drug resistance [45] . In this review, we focus on the role of three major artemisinin derivatives, artemether, artesunate and dihydroartemisinin, in the elimination of schistosomiasis japonica in China.
Artemether

Artemether Monotherapy
Artemether is a methyl ether derivative of artemisinin. Its antischistosomal action was first described in 1980, and the agent is active against S. japonicum, especially on 5-21-day-old juvenile worms [46] . The exciting results from the subsequent studies in experimental animal models indicated the need for the clinical trials in the major endemic foci of China [47] [48] [49] . Table 1 summarizes the major clinical trials reported with aims to test the efficacy of artemether against human S. japonicum infections. Multiple doses of artemether at 6 mg/kg over 15-d intervals were found to achieve 60.8% to 100% protection for the prevention of S. japonicum infection, and increased doses resulted in improved efficacies; following artemether therapy, no acute case with schistosomiasis occurred, and only mild, transient treatment-associated adverse events were observed [50] [51] [52] [53] [54] [55] [56] [57] . Meta analyses of these clinical trials confirmed that repeated dosing of artemether significantly reduces the incidence of S. japonicum infections as compared with the placebo, and it is more effective to use multiple doses of artemether with 2-week intervals for prevention against S. japonicum infection [43, 45] .
Artemether-Praziquantel Combination
Since praziquantel and artemether act against different developmental stages of S. japonicum: praziquantel against adult worms and artemether against schistosomula, a combination therapy may cover all developmental stages and result in an improved antischistosomal efficacy. To test the hypothesis, animal experiments were performed to evaluate the efficacy of praziquantel-artemether combination against S. japonicum infection. Nine to eleven doses of artemether (6 mg/kg) given once every two weeks 94.6 Lake region None [56] Eleven doses of artemether (6 mg/kg) given once every 15 days 94.47 Marshland region
Transient dizziness (0.65%), burning sensation in the upper abdomen (0.45%), abdominal pain (0.38%), fever (0.18%), abdominal distension (0.11%) and vomiting (0.09%), [57] In rabbits infected with 7-14-day-old schistosomula and 42-day-old adult schistosomes, the combined treatment of praziquantel and artemether reduced total worm burdens by 79%-92% and female worm burdens by 80%-93%, which were significantly greater than those caused by treatment with 50 mg/kg praziquantel (28%-66% total worm burden reduction and 26%-65% female worm burden reduction) or 15 mg/kg artemether alone (44%-56% total worm burden reduction and 35%-54% female worm burden reduction), using the same dosages and schedules [58] . A further study in rabbits experimentally infected with 42-or 56-day-old adult S. japonicum, praziquantel-artemether combination achieved total worm burden reductions of 96%-99% and female worm burden reductions of 99%-100%, while treatment with praziquantel administered at a single dose of 40 mg/kg alone resulted in total worm reduction rates of 87%, and female worm reduction rates of 88%-96%, and a single dose of 15 mg/kg artemether resulted in total worm reduction rates of 25%-33% and female worm reduction rates of 12%-31% [59] . It is therefore considered that a praziquantel-artemether combination at lower doses is safe and more effective than administration with praziquantel or artemether alone.
The exciting findings from animal experiments provided a foundation for clinical trials in humans. A randomized, double-blind, placebo-controlled trial in the Dongting Lake region of China between May 2003 and December 2005 showed that treatment with 60 mg/kg praziquantel combined with 6 mg/kg artemether, 60 mg/kg praziquantel combined with artemether placebo, 120 mg/kg praziquantel combined with 6 mg/kg artemether, and 120 mg/kg praziquantel combined with artemether placebo achieved treatment efficacies of 98%, 96.4%, 97.7%, and 95.7% in the treatment of acute schistosomiasis japonica, respectively, and the combination of artemether and praziquantel chemotherapy did not improve the treatment efficacy compared with praziquantel alone [60] . In addition, administration of artemether caused minor adverse events in 6.3% of the subjects within 4 h of the treatment, including allergy, nausea, vomiting and abdominal discomfort, while 26.3% suffered pain in the upper abdominal region after the first or second praziquantel treatment [60] . Due to the inconsistency between animal experiments and clinical trials, further studies are required to validate the human findings before the policy-making on the management of schistosomiasis japonica in China.
Recommended Treatment Regimen
At present, artemether is mainly used for the prevention of schistosome infections, and the following regimen is recommended: artemether is administered at a dose of 6 mg/kg starting one or two weeks after contact with infested water during the transmission season, followed repeated treatment every 1-2 weeks for several doses, with an additional treatment given 15 days post-exposure. However, the treatment is contraindicated in subjects with early pregnancy, severe liver, renal or hematologic diseases, or allergy to artemether. In addition, oral administration of artemether at a dose of 6 mg/kg daily for 5-7 days may be given in cases with allergy to praziquantel, since the agent is also active against adult worm of the parasite [61] .
Artesunate
Artesunate Monotherapy
The antischistosomal action of artesunate was firstly described in 1980 [46] . To assess the prophylactic effect of artesunate against S. japonicum, artesunate was given to experimentally infected mice, rabbits and dogs at doses of 300, 20-40 and 30 mg/kg 7 days post-infection once a week for 4-6 weeks, and the treatments resulted in worm burden reductions of 77.5%-90.66%, 99.53% and 97.10%, respectively [62, 63] . In addition, treatment with artesunate at a dose of 16 mg/kg given once a week for 4 weeks starting 7 days post-infection was found to effectively prevent the development of acute schistosomiasis and suppress egg production in rabbits [64] , and artesunate was found active against various developmental stages of S. japonicum in experimentally infected mice, notably 7-day schistosomulum [65] .
The exciting animal findings encouraged human trials to evaluate the efficacy of artesunate against S. japonicum infections. Table 2 summarizes the major clinical trials conducted to test the preventive activity of artesunate against the parasite. These clinical trials demonstrated that multiple doses of artesunate at 6 mg/kg given once a week at 7 days apart achieved 68.19%-100% protection against human S. japonicum infection and effectively prevented the development of acute cases of schistosomiasis japonica [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . A recent study reported a reduced sensitivity of artesunate against S. japonicum after 10 years of application in China [76] ; however, further trials are required to validate the finding that S. japonicum shows reduced susceptibility to artesunate [77] .
Artesunate-Praziquantel Combination Therapy
Since artesunate and praziquantel are two antischistosomal agents targeting schistosomula and adults, respectively, the combined treatment was hypothesized to increase the efficacy. To test the hypothesis, experimental studies were performed in mice and rabbits. Co-administration of artesunate and praziquantel, or administration of praziquantel, followed by artesunate, was found to significantly reduce the activities of the artesunate against S. japonicum schistosomula, and administration of artesunate first, followed by praziquantel, resulted in similar antischistosomal activities to those observed with artesunate alone, while praziquantel-artesunate combination treatment significantly reduced the activities of praziquantel against adult worms [78] . However, the administration of artesunate first followed by praziquantel was found to achieve a comparative antischistosomal activity to that caused by treatment with artesunate alone in experimentally infected rabbits [79, 80] .
To confirm the results from animal experiments, clinical trials were designed and performed during the schistosomiasis transmission season. In the major flood of 1998, the administration of artesunate starting within 7 days of contact with infested water, at an oral dose of 300 mg given 7 days apart for 4 times, and treatment with praziquantel at a single dose of 1.2 g within 23-25 days of contact with the infested water, with an additional dosing 7 days post-exposure, significantly improved the protective efficacy compared with the controls (1.62% vs. 14.29%, p < 0.01), and the treatment-associated adverse events included mild gastrointestinal reaction in 6 cases and transient premature beats in three cases [81] . Eight doses of artesuante (6 mg/kg) given once every 7 days 100 Marshland region 2 cases with fever [75] Eleven doses of artesuante (6 mg/kg) given once every 15 days, with an additional dose 15 days post-exposure 100 Marshland region 2 cases with fever [75] In addition, the administration of artesunate at 900 mg first, followed by praziquantel at a daily dose of 40 mg/kg for three consecutive days was found to significantly improve the antischistosomal efficacy and alleviate the syndromes as compared to monotherapy [82, 83] . However, we still need to devise optimal strategies to improve the preventive efficacy of artesunate-praziquantel combination against human S. japonicum infection.
Recommended Treatment Regimen
Currently, artesunate is recommended for prevention of S. japonicum human infection by multiple administration at 6 mg/kg starting from 7 days within the contact with infested water during the transmission season, with an additional treatment given 7 days post-exposure [43] .
Dihydroartemisinin
Dihydroartemisinin, a derivative of artemisinin with the C-10 lactone group replaced by a hemiacetal, is the major active metabolite of artemisinin as well as of its derivatives, artemether and artesunate. This compound was developed in 1979 [84] , and its antischistosomal activity was first discovered in 1980 [46] . It was found that oral administration with dihydroartemisinin at 150 and 300 mg/kg 7 days post-infection once a week for successive 4 weeks resulted in 76.1% and 89.1% worm burden reductions in S. japonicum-infected mice, and administration with dihydroartemisinin at 40 and 80 mg/kg 7 days post-infection once a week for successive 6 weeks reduced worm burdens by 99.2% and 100% in infected rabbits, while treatment with dihydroartemisinin at 45 mg/kg 7 days post-infection once a week for 4 successive weeks achieved a 98.7% worm burden reduction in infected dogs, respectively [85] .
Recently, the in vivo activity of dihydroartemisinin was extensively evaluated in mice experimentally infected with S. japonicum. Administration with dihydroartemisinin at a single oral dose of 300 mg/kg 2 h, and 3, 5, 7, 10, 14, 18, 21, 28 or 35 days post-infection reduced total worm burdens of 1.1%, 15.2%, 31.3%, 64.8%, 22.0%, 32.7%, 18.1%, 14.5%, 48.5%, and 60.5%, respectively, indicating the high activity against 7-day schistosomula and 35-day mature schistosomes; however, no clear-cut dose-response relationship was observed in both the larval and adult stages [86] . An extended study to evaluate the efficacy of dihydroartemisinin administered at multiple doses or combined with praziquantel showed that the 3-day treatment with dihydroartemisinin at doses of 200, 300, 400 or 600 mg/kg on days 6-8 post-infection reduced total worm burdens of 69.2%, 80.7%, 87.1% and 90.6%, while the same treatment given on days 34-36 achieved total worm burden reductions of 83.8%, 92.9%, 94.1% and 95.3%, respectively; dihydroartemisinin-praziquantel combination administered at the juvenile stage did not appear more effective than treatment with dihydroartemisinin alone, while the combined treatment did not exhibit greater efficacy than that achieved by praziquantel treatment alone. In addition, treatment with dihydroartemisinin at multiple doses achieved no comparative efficacy against both juvenile and adult worms as compared to artemether or artesunate treatment at the same dose [87, 88] . However, so far no human trials to evaluate the efficacy of dihydroartemisinin against schistosome have been reported. Therefore, further clinical trials to test the efficacy of dihydroartemisinin for the prevention and treatment of human S. japonicum infections, and investigate the underlying mechanisms of the antischistosomal action of dihydroartemisinin seem justified.
Conclusions
Experimental studies in animal models have demonstrated that the major artemisinin derivatives, including artemether, artesunate, and dihydroartemisinin, appear active against S. japonicum, particularly on schistosomulum [41, 42] , and the experiences from schistosomiasis control in China show that artemether and artesunate can play significant roles in the prevention of schistosomiasis japonica in China, particularly during the flood period when thousands of residents come in contact with schistosome-infested water [24, 89] . Since there are no co-endemic areas for schistosomiasis japonica and falciparum malaria detected in China, there is no risk of drug resistance in Plasmodium falciparum in China, resulting from the use of artemisinin derivatives for the prevention and treatment of schistosomiasis japonica. Till now, the antischistosomal action of dihydroartemisinin has been evaluated in experimentally infected animal models, and the activity has not been validated in clinical trials. Therefore, we need to devise randomized, controlled trials to assess the efficacy and side effects of dihydroartemisinin for the treatment of human schistosome infections.
Although the antischistosomal actions of artemisinin derivatives have been identified for several decades, their exact mechanisms of action remain elusive till now. It has been suggested that artemether may interact with haemin and then cleave the endoperoxide bridge, and generate free radicals that may form a covalent bond with schistosome-specific proteins [90] [91] [92] , and artemether was found to significantly decrease glycogen contents [93] [94] [95] . The currently available data demonstrate that artesunate treatment causes tegumental alternations and inhibition on energy metabolism of schistosomes [96, 97] . In addition, it has been recently found that artesunate kills schistosome parasites through reducing the expression of schistosome glutathione reductase and cytochrome c peroxidase [98] . However, little is known on the mechanisms underlying antischistosomal actions of dihydroartemisinin, the major active metabolite of artemether and artesunate. The problem of unclear mechanisms of actions of these three artemisinin derivatives severely inhibits the development of other artemisinin analogues. Elucidation of the mechanisms underlying the antischistosomal activity of artemisinin derivatives by means of modern tools, such as -omics and RNA interference (RNAi), is therefore of urgent need. Currently, China is processing towards the elimination of schistosomiasis japonica [99] . However, the potential emergence of drug resistance would hamper the elimination of schistosomiasis japonica in China, since praziquantel is currently the only drug of choice for the treatment of human S. japonicum infections and praziquantel-based chemotherapy is still a major part of the national schistosomiasis control program implemented to control the morbidity and reduce the intensity of infection [30] . Fortunately, these three agents also appear mildly active against adult parasites [65] . In addition, recent investigations revealed no reduced sensitivity of artemether, artesunate and dihydroartemisinin in praziquantel-resistant S. japonicum [100, 101] . These interesting findings promise to overcome the problem of praziquantel resistance, however, further studies are required to validate the hypothesis.
As old drugs identified firstly as antimalarials, artemisinin derivatives are creating new therapeutic possibilities. In addition to antimalarial and antischistosomal actions, they show activity against other parasites [102] [103] [104] and multiple cancers [105] [106] [107] [108] . Artemisinin derivatives can hence be expected to open new perspectives for the treatment of additional diseases, besides malaria and schistosomiasis.
